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ABSTRACT 
Structural and magnetic properties of (In,Ga)As-(Ga,Mn)As core-shell nanowires grown by 
molecular beam epitaxy on GaAs(111)B substrate with gold catalyst have been investigated. 
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(In,Ga)As core nanowires were grown at high temperature (500 °C) whereas (Ga,Mn)As shells 
were deposited on the {1-100} side facets of the cores at much lower temperature (220 °C). High 
resolution transmission electron microscopy images and high spectral resolution Raman 
scattering data show that both the cores and the shells of the nanowires have wurtzite crystalline 
structure. Scanning and transmission electron microscopy observations show smooth (Ga,Mn)As 
shells containing 5% of Mn epitaxially deposited on (In,Ga)As cores containing about 10% of In, 
without any misfit dislocations at the core-shell interface. With the In content in the (In,Ga)As 
cores larger than 5% the (In,Ga)As lattice parameter is higher than that of (Ga,Mn)As and the 
shell is in the tensile strain state. Elaborated magnetic studies indicate the presence of 
ferromagnetic coupling in (Ga,Mn)As shells at the temperatures in excess of 33 K. This coupling 
is maintained only in separated mesoscopic volumes resulting in an overall superparamagnetic 
behavior which gets blocked below ~17 K.  
 
 
KEYWORDS: magnetic semiconductor nanowires, core-shell structures, spintronics, wurtzite 
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(Ga,Mn)As is a canonical (III,Mn)-V dilute ferromagnetic semiconductor (FMS) combining 
semiconducting and magnetic properties in one material.
1
 Thin layers of (Ga,Mn)As
2
 as well as 
other (III,Mn)-V FMS such as (In,Mn)As,
3
 (Ga,Mn)Sb
4
 and (In,Mn)Sb
5
 have been extensively 
investigated over the last two decades. The wide range of new physical phenomena and 
functionalities have been discovered in FMS due to the possibility of tuning their magnetic 
properties by the methods routinely used for modifying the electronic properties of 
semiconductors, such as application of electric fields by electrostatic gates,
6,7,8,9
 pressure
10
 or 
irradiation with light.
11,12,13
 In this context using quasi one-dimensional (1D) geometry of 
nanowires is advantageous since it enhances the possibility of controlling the electronic 
properties up to the ultimate level of the single carrier.
14,15,16
 
Since (Ga,Mn)As layers with Mn content exceeding 1%, which is essential for the 
ferromagnetic phase transition to occur,
1
 can only be grown at low temperatures, they contain 
substantial amount of defects.
17,18,19
 Hence it is interesting to exploit different growth methods in 
order to investigate various possibilities of obtaining material with optimized properties. One of 
the new technological routes is to employ a 1D nanowire growth mode which differs 
substantially from the two-dimensional (2D) MBE growth of the layers. In 1D structure it is 
possible to efficiently accommodate stress of lattice mismatched materials in radial/axial 
heterostructures. Furthermore crystalline structures different than naturally occurring in 3D 
(bulk) and 2D (layer) can arise in the 1D (nanowire) case. Core-shell nanowires (NWs) reported 
here crystallize in the hexagonal (wurtzite) phase [both (In,Ga)As cores and (Ga,Mn)As shells], 
whereas in a 2D (and 3D) case both materials can only be crystallized in the cubic (zinc-blende) 
structure. Thus growth of the 1D (nanowire) structures makes it possible to fabricate 
heterostructures of a new type, which are impossible to obtain in the planar geometry. 
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Ferromagnetic nanowires are extensively investigated as building blocks of future memory 
devices. An important role is played, in particular, by the magnetic domain walls which can be 
moved along the nanowires.
20
 Manufacturing (Ga,Mn)As in the form of nanowires by a bottom-
up self-organizing approach, avoiding defects induced when preparing nanowires 
lithographically, would help to control their magneto-electronic properties better. 
To this end, we have experimentally tested various MBE growth methods of incorporation of 
Mn magnetic ions into GaAs in the nanowire geometry. GaAs NWs grow best at high 
temperatures (550 °C - 650 °C), thus first we have investigated the Mn doping limits of GaAs 
NWs grown in this high temperature range.
21
 We have observed that Mn doesn’t deteriorate the 
growth of GaAs NWs, even with quite high Mn/Ga flux ratio of about 3%. We have found that at 
high growth temperatures, Mn can be introduced into GaAs NWs only at doping levels (below 
10
18
 cm
-3
).
21
 Such nanowires grow well in <111> preferential crystal directions, revealing 
hexagonal cross-section with a catalyst droplet on the top.
21
 It is well known that Mn solubility 
limits in the GaAs lattice can be overcome at non equilibrium growth conditions using low 
growth temperature (LT-MBE).
1
 Therefore, previously we have also investigated the growth of 
NWs at low temperatures (about 350 °C) only slightly higher than those typically applied for 
MBE growth of (Ga,Mn)As layers. However, low temperatures are detrimental to the growth of 
NWs. The LT-grown NWs are irregular, tapered, branched and have low crystalline quality.
22
 
Although the concentration of Mn in the LT grown (Ga,Mn)As NWs is larger than in the NWs 
grown at high temperature, it is still well below 1% which is too low to support the 
ferromagnetic state. Moreover the presence of segregated MnAs renders the analysis of magnetic 
properties of these NWs difficult. 
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In order to achieve high Mn concentration, the NWs can be grown by MBE by a two-stage 
method in the form of radial core-shell heterostructures, with primary III-As cores grown at high 
temperature followed by (Ga,Mn)As shells grown at low temperature. Few attempts to prepare 
such NWs with pure zinc-blende GaAs cores have been reported previously.
23,24
 Interestingly, an 
enhanced magnetic response at temperatures below 20 K was reported there, which served as a 
stimulus for further research, augmented by recent theoretical results which predicted an increase 
of Tc for (Ga,Mn)As NWs crystallizing in wurtzite structure.
25,26,27
 
In this work we investigate the all-wurtzite (In,Ga)As-(Ga,Mn)As core-shell NWs. To our 
knowledge, experimental results concerning such structures have not been reported yet.  
 Nanowires exploited here have been grown by the MBE method employing vapor-liquid-solid 
(VLS) growth mode. Prior to the growth of the nanowires a small amount of gold (equivalent of 
a 2 Å thick continuous layer) was deposited on epi-ready GaAs(111)B substrate at low 
temperature (100 °C) in the MBE system dedicated for metals. Then the substrate was 
transferred (in the air) to the III-V semiconductor MBE system and annealed at 590 °C to desorb 
the native oxide from GaAs substrate and to create small nanometer-scale Au catalysts on it. 
Core-shell NWs were grown in two steps. In the first step, (In,Ga)As primary cores were grown 
at high temperature (growth temperature about 500 °C). The NWs are oriented vertically with 
respect to the substrate surface; they are up to 1.6 micrometer long and have diameters of 70-100 
nm. The nominal In content in the core was chosen to be around 13%. It has been calibrated by 
the standard procedures based on RHEED intensity oscillations taken during growth of GaAs 
and InGaAs layers on a test GaAs(100) substrate without gold catalyst. The actual concentration 
of In in the (In,Ga)As NWs is most likely lower i.e. equals about 10% due to the different growth 
mechanism involved in the MBE growth of planar (In,Ga)As layers as compared to the Au-
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catalyst induced growth of (In,Ga)As NWs at identical conditions, in agreement with previous 
reports (e.g. about 20% lower incorporation of In into wurtzite (In,Ga)As NWs compared to the 
In content in the (In,Ga)As(100) planar layer has been reported by Jabeen et. al.
28
).  
 The growth rate of the NWs has been observed to be almost 5 times faster than that of the 
layers grown with the same III and V element fluxes, and is equal to about 1 µm/h. Density of 
NWs is high (about 2 x 10
9 
NWs/cm
2
) as indicated in the scanning electron microscopy (SEM) 
images displayed in Fig. 1.  
 
Figure 1. SEM images of Au-catalyzed (In,Ga)As-(Ga,Mn)As nanowires grown on 
GaAs(111)B substrate by MBE. (In,Ga)As and (Ga,Mn)As layers deposited in-between the 
nanowires can be identified in the vicinity of the substrate surface. Birds-eye view of 
nanowires (from the center part of the sample) is shown in the top panel. 
GaAs(111)B substrate 
(In,Ga)As d=[300-400] nm 
400 nm 
(Ga,Mn)As d=[10-70] nm 
7 
 
After the (In,Ga)As NW cores growth, the substrate temperature was reduced to around 220 °C 
and the low temperature (Ga,Mn)As shells were deposited. The quality of the (Ga,Mn)As shells 
is strongly dependent on the growth temperature and Mn content. Smooth shells can only be 
obtained in a narrow substrate temperature window (220°C - 240°C). The growth conditions of 
the shells correspond to intended Mn content of 5%. The shells’ growth rate is about 20 nm/h. 
This is much lower than the planar growth rate of 200 nm/h, for the (Ga,Mn)As layer growth 
with the same group III and group V element fluxes. Since parts of the substrate not covered by 
NWs are exposed to the fluxes during the MBE growth of the shells, the (Ga,Mn)As layer is also 
deposited in between the NWs. It should also be noted that during the prevailing growth of 
(In,Ga)As nanowires a 300 nm - 400 nm thick layer of (In,Ga)As in between the NWs grows too. 
Analysis of the high-contrast SEM images shows that the thickness of the (Ga,Mn)As layer 
deposited in-between the NWs can be up to 70 nm depending on the alternating level of 
shadowing effect due to the inhomogeneous distribution of NWs (the thickness of the planar 
(Ga,Mn)As layer grown on a GaAs(111)B substrate without catalytic gold nanoparticles would 
be 100 nm). This has important consequences for the measurements of magnetic properties of 
such samples as explained further in the text. 
The structural and chemical characterization of the samples was carried out by transmission 
electron microscopy (TEM) methods. The growth direction of the NWs and their morphology 
was studied in FEI Titan 80-300 field-emission gun (TEM) operated at 300 kV with aberration 
correction of objective lens, which enables a high resolution TEM (HRTEM) investigation of the 
crystal structure with near atomic resolution. The first sample for TEM studies was prepared in 
the following way: NWs were chopped from the substrate and suspended on a carbon grid. 
Figure 2 shows the TEM image of a short section of single (In,Ga)As-(Ga,Mn)As core-shell NW 
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with <0001> orientation of its axis. It is easy to distinguish between the (In,Ga)As core and 12 
nanometer-thick (Ga,Mn)As shell. Moreover, the crystalline structure of the shell is perfect. 
There are no misfit dislocations and the shell is in epitaxial relation to the core with sharp and 
coherent interface between the core and the shell. In contrast, the shell covering gold catalyst is 
polycrystalline and of irregular shape (not shown). About 3 nm thick native oxide layer on the 
outer surface of the shell is observed after 10 s of Ar-O ions pre-cleaning before loading the 
specimen into the TEM chamber. 
 
 
 
Figure 2. High resolution TEM image of (In,Ga)As-(Ga,Mn)As core-shell NW interface. 
The (Ga,Mn)As is epitaxial with respect to the (In,Ga)As core without any dislocations at the 
interface. 
[11-20] [0001] 
(In,Ga)As (Ga,Mn)As 
Oxide 
VACUUM  
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The chemical composition of individual NWs was investigated by high-angle annular dark 
field scanning transmission electron microscopy (HAADF-STEM) method combined with the 
energy-dispersive X-ray spectroscopy (EDS). The scanning TEM (STEM) images of the whole 
NW and the top part of a single (In,Ga)As-(Ga,Mn)As core-shell NW are shown in Figs. 3a and 
3b, respectively. All components of the core-shell NW: the shell, the core (both of the wurtzite 
crystalline structure) and the polycrystalline gold droplet with irregular shell at the top of NW 
can be identified. The gold catalyst is visible as the bright area at the top of the NW core. The 
shell material deposited on the gold catalyst is polycrystalline, thus it has the irregular shape. For 
several NWs, basal stacking faults were found in their top parts. The EDS analysis of the 
(In,Ga)As-(Ga,Mn)As core-shell NW confirmed the presence of Mn in the shell and Mn content 
of 5% ( 0.5%). No local precipitations of the Mn, within the EDS detection limit of 0.5 %, were 
found.  
10 
 
 
High resolution STEM HAADF image which is shown in Fig.3, clearly shows the atomic order 
characteristic for wurzite crystal projected in [11-20] direction (see zoomed part in Fig. 3c). Also 
in the case of selected area electron diffraction obtained for larger part of the NW, which is 
shown by the circle in Fig.3b (the diameter of used slit is 100 nm) the theoretical kinematical 
Figure 3. (a) STEM image of (In,Ga)As-(Ga,Mn)As NW. The (In,Ga)As core can be 
distinguished as slightly brighter than the (Ga,Mn)As shell. (b) HR-STEM image of the 
top part of (Ga,Mn)As-(In,Ga)As NW; (c) atomic positions in the small section of NW 
marked by the rectangle in panel (b), the right part shows the theoretical atomic positions 
in the wurtzite structure; (d) – indexed Bragg reflections of the TEM selected area 
electron diffraction image in the [11-20] zone axis taken from area marked by the circle 
in panel (b). 
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pattern for [11-20] zone axis fits well to the experimental image (see Fig. 3d). This confirms the 
presence of a single phase wurtzite structure for both the (In,Ga)As core and the (Ga,Mn)As 
shell. 
TEM investigations were performed in a large range of magnification from 100x to 460kx to 
investigate the crystal perfection of ensemble of NWs. More than 100 NWs were checked for the 
presence of structural imperfections such as basal SF or cubic segments. We can conclude that 
there is more than 15% of NW with low SF density (less than 5 SF which appear mainly at the 
ends of NWs). Fig. 4 shows a representative NW with low defect density viewed by HRTEM 
and HR-STEM in [11-20] zone axis. The image of the whole NW is shown in Fig. 4a. The 
frames 1, 2 and 3 indicate the area zoomed in panels (b), (d) and (e), respectively. The whole 
middle part of the NW has perfect WZ structure (see fig 4d) without any structural defects. Few 
SFs can be identified in the bottom part of the NW (frame 1 in Fig. 4a). Two of them (indicated 
by arrows, separated by 76 nm) are well visible in Fig. 4b. Remaining four SFs (not shown) at 
the end of the NW are separated by 46-80 nm. The atomic structure of individual SF is shown on 
the HR-STEM image in Fig 4c. Two stacking faults can also be seen in the top section of NW, 
about 30 nm from the gold droplet (see Fig 4f). 
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Figure 4. (a) TEM image of almost defect free wurtzite NW in [11-20] zone axis; (b) zoomed 
part of the NW section selected in frame 1; (c) HR-STEM image of the frame 4 with one SF; (d) 
HRTEM image of the defect-free NW part (frame 2), (e) top part of the NW confined in the 
frame 3; (f) zoomed HRTEM image of the topmost part of the NW (frame 5), arrows indicate the 
presence of SF.  
(In,Ga)As-(Ga,Mn)As NWs have also been investigated by TEM in the cross-sectional 
geometry (with cross-sections perpendicular to the NW axis), following the preparation method 
200 nm 
2 
(a) 
3 1 
76 nm 
2 nm 
10 nm 
4 
50 nm 10 nm 
5 
(b) 
(d) 
(c) 
(e) 
(f) 
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described below. First, NWs were transferred onto the Si(100) substrate covered with native 
SiO2 layer. 
 
 
Figure 5. (a) - STEM image of a thin FIB lamella containing three NWs embedded in the 
platinum. The NWs have either hexagonal or round cross-sections depending on the thickness 
of the shell; (b) –zoomed part of the high resolution STEM image from panel (a) in the frame 
showing (In,Ga)As core and epitaxial (Ga,Mn)As shell; (c) selected area electron diffraction 
patterns containing contribution from different parts of the TEM specimen: rings - 
polycrystalline platinum cover; upper spot diffraction pattern - NW; lower diffraction pattern 
- Si substrate; (d) - cross-section from the upper part of the single NW with the shell of non-
homogenous thickness. 
 
(a) (b) (c) 
(d) 
(In,Ga)As 
(Ga,Mn)As 
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After selection of suitable NWs and marking their position, substrate and NWs were capped 
with 1.2 μm thick platinum layer. A TEM specimen was cut out using focused gallium ion beam 
(FIB) technique. An example of successful cut containing three NWs is shown in the STEM 
image in Fig.5a. The NW located in the middle is perfectly aligned to [0001] zone axis. Part of 
this NW appearing as darker is amorphous, as confirmed by high magnification HRTEM images 
(not shown). This partial amorphization of the tops of NWs from one side is due to high electron 
beam intensity applied during the platinum deposition process. This kind of amorphization didn’t 
occurre for the NW shown in Fig 5d due to the lower e-beam intensity used for platinum 
deposition in this case.  
Investigated NWs have either hexagonal or round cross-sections depending on the shell 
thickness and on spatial arrangement of nanowires causing inhomogeneous shadowing. The high 
temperature grown (In,Ga)As NW cores have perfect hexagonal cross-sections. Due to the 
enhanced shadowing of bottom parts of NWs during the shell deposition the (Ga,Mn)A shells 
thickness is increasing slightly along the NW lengths (smaller at the close-to-the substrate parts, 
larger at the top part). By this it is possible to determine if given cross-section originates from the 
top, middle or bottom part of NW. The NW shown in Fig. 5d has small shell thickness reaching 
7 nm in the thickest place. Figure 5b shows a zoomed image of a small part of the NW cross-
section (selected in the rectangular frame displayed in Fig. 5a). The interface between 
(Ga,Mn)As shell and (In,Ga)As core is sharp, and contains no structural defects. Selected area 
diffraction patterns have been collected from one of the NW cross-sections. The ring patterns of 
diffracted electrons originate from platinum; spotty patterns from NW and Si substrate (see Fig.5 
c).  
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To further confirm the wurtzite structure, the chemical composition, as well as to estimate the 
carrier concentration in the NW shells we have performed room temperature Raman scattering 
(RS) measurements for the NWs transferred from the growth substrate onto a Si(100) wafer by 
ultra-sonification. The measurements have been performed for statistically relevant number of 
NWs.  
The room temperature RS measurements have been performed using a Mono Vista CRS 
Confocal Laser Raman System with a spectral resolution close to 0.35 cm
-1
. The spectra have 
been collected using 532 nm laser light. The measurements have been done in a backscattering 
geometry. For focusing the incident light on the sample an objective lens (NA = 0.9) has been 
used, reducing the diameter of the spot to about 0.7 μm, allowing to address individual NWs. 
The polarization of the scattered light has not been analyzed. The penetration depth of the 
applied laser light in the materials investigated here is larger than 100 nm, thus the measured 
Raman signal is collected from the whole interior of the NW. Simultaneously, contributions from 
both the (In,Ga)As core and the (Ga,Mn)As shell can be observed. 
Most of the examined NWs have been scanned along their axes. The most representative 
Raman spectrum obtained from the middle part of individual NW is shown in Fig. 6. 
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Figure 6. Typical high spectral resolution Raman spectrum collected for a single 
(In,Ga)As/(Ga,Mn)As NW using 532 nm laser light (squares) with individual Lorentzian 
contributions deconvoluted. The sum of the three contributions is marked as a solid blue line. 
The two most prominent features: GaAs-like TO phonon at 264.5 cm
-1
 (triangles) and E2
H
 mode 
at 255.0 cm
-1
 (dots) are the fingerprint of the wurtzite structure of the material. The higher 
energy shoulder signalizes sizable hole density in (Ga,Mn)As shell (diamonds). 
 
The Raman spectrum is composed of three peaks at 255.0, 264.5
 
and 274.5 cm
-1
. Minor 
variations of the values given above along nearly the entire length of each wire, or from wire to 
wire are observed, the latter do not exceed 1 cm
-1
. On the other hand, when the laser spot is 
placed at the top-end part of the NW additional peaks are observed. They can be related to a rich 
chemical constitution of the gold enriched top part of the NW where the growth actually takes 
place. The detailed analysis of these results is out of the scope of this paper mainly because this 
part constitutes no more than the 5% of the total volume of the investigated NWs and thus can be 
excluded from quantitative analysis.  
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 The feature commonly observed in the RS spectra is a weak shoulder centered at about 274.5 
cm
-1
. This can be interpreted as a hole-concentration-induced, coupled plasmon-LO-phonon 
(CPLOM) mode, resulting from the presence of (Ga,Mn)As shell.
29,30 
 
In the RS spectrum corresponding to (Ga,Mn)As with zinc-blende structure and Mn content 
close to about 1-2% the CPLOM mode is in between strongly suppressed LO and TO modes.
29 
The further increase of the Mn content results in a shift of the CPLOM mode towards (or in a 
limit case even above) the TO frequency. As one should expect, a similar situation takes place in 
wurtzite (Ga,Mn)As where the only difference will be the additional E2
H
 mode, characteristic for 
this type of the crystal structure.
31
 From the frequency position of the CPLOM mode it is 
possible to estimate the free hole concentration. The maximum of this mode in the collected RS 
spectrum occurs at 274.5 cm
-1
. In the zinc blende (Ga,Mn)As this mode frequency is observed 
for the hole density of about p = 3×10
19 
cm
-3
.
30
 Such a value of p corresponds roughly to the 
critical hole concentration for the metal-insulator transition in (Ga,Mn)As (see e.g. Ref. 42), and 
so is indicative that effects related to carriers’ localization may determine the magnetic 
properties of these NWs, as shown further in the text. 
The strongest peak observed in the RS spectrum at 264.5 cm
-1
 can be related to a TO GaAs–
like phonon mode, whereas the lowest energy one (at 255.0 cm
-1
) to the E2
H
 wurtzite mode. 
These two phonon modes are shifted by about 2.5 and 4.0 cm
-1
, respectively,
 
compared to the 
predicted frequency of wurtzite GaAs.
31
 Each of these modes can be attributed to the sum of 
contributions resulting from RS on two wurtzite NW constituents. Assuming that the principal 
contribution to the TO mode is related to the (In,Ga)As solid solution, the In content in the NWs 
core can be estimated from the shift of the TO mode. The exact dependences of the frequencies 
of the relevant RS features on In composition in wurtzite (In,Ga)As are yet to be determined. 
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Thus in order to estimate the In contents in (In,Ga)As cores the dependencies established for zinc 
blende material have been used.
32 
According to Ref. 32 a frequency shift of the TO mode equal 
to 2.5 cm
-1
 corresponds to the GaAs-like TO phonon mode of relaxed (In,Ga)As with the In 
content of 9%. However, both the (In,Ga)As core and the (Ga,Mn)As shell are not relaxed 
therefore the presence of the strain in the structure must be taken into account. Assuming the 
nominal In and Mn contents in the NW core and shell, respectively, the lattice mismatch between 
both components equals 0.46 %.
33
 The (In,Ga)As core is subjected to a compressive strain 
whereas the (Ga,Mn)As shell is under a tensile strain. Since the average volumes of the core and 
that of the shell are comparable it is justified to assume that the absolute value of the relative 
lattice deformation 'in-plane' is the same for the core and the shell, and the only difference is 
their opposite sign.
34
 However, since no phonon deformation potentials have been determined for 
wurtzite GaAs, we are not able to calculate the exact value of the TO phonon frequency shift 
induced by the strain. On the other hand, as it was shown recently by Signorello et. al.,
35
 the 
ranges of the axial strain for WZ GaAs NWs and ZB GaAs NWs are comparable. Using the 
formula for the TO phonon frequency shift (ΔΩ) caused by the strain36,37 for bulk zinc blende 
GaAs one finally obtains ΔΩ = 0.81 cm-1. Now, taking into account that the shift of the TO 
phonon mode resulting from the strain in wurtzite GaAs NWs is similar to that of the zinc-blende 
GaAs, and allowing the slight variation of this phonon mode position from wire to wire the In 
content in the cores equals (12 ± 4)%. This is in good agreement with the expected composition 
of (In,Ga)As core NWs (10% In) assessed from the calibrations performed for (In,Ga)As(100) 
planar layer growth, taking into account the lower In incorporation rate during MBE growth of 
Au-catalysed (In,Ga)As NWs reported by other groups, e.g. Ref. 28. 
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 Here, it’s worth mentioning that the InAs-like TO and LO modes do not occur in the measured 
spectra, even though they have been observed in (In,Ga)As solid solution (see for example Piao 
et al., Ref 32). For (In,Ga)As with low In content (about 10%) the InAs-like optical phonon 
modes have similar frequencies - about 230 cm
-1
. In our case the observation of Raman 
scattering on LO mode in perfect crystal is forbidden due to the selection rules. The presence of 
TO phonon mode is allowed, but as the intensity of the InAs-like optical modes (in particular for 
a solid solution with a low In content
29
) is much smaller than that of GaAs-like modes, this TO 
mode is also not visible. It should also be mentioned, that due to their small intensities the InAs-
like optical modes for (In,Ga)As solid solution with similar composition than that corresponding 
to investigated NWs have not been observed by Raman scattering, even for bulk crystals.
38
 
It is also worth noting that LO phonon mode, present in wurtzite GaAs at 291 cm
-1
 also is 
absent for the (In,Ga)As core in our Raman spectrum. This is consistent with the far from the 
resonance excitation conditions and the relevant Raman selection rules. Importantly, the later can 
be relaxed by the presence of numerous structural defects such as rotational twins, strain and 
high electric fields due to charged impurities or defects on the NW surface. The LO mode is 
indeed frequently observed in GaAs NWs under these conditions.
21
 Therefore, the absence of the 
GaAs-like, (In,Ga)As LO mode in Raman spectra further confirms the outstanding quality of the 
cores of the investigated NWs. 
Finally we have performed thorough investigations of magnetic properties of these NWs. 
Magnetic investigations of nanoobjects pose in general a considerable challenge due to their 
rather minute signal which has to be properly separated from a by far greater magnetic response 
of their carrier (usually the original substrate) and numerous contaminants inevitably 
accumulating on the specimen before the magnetic studies commence. This calls for dedicated 
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methods and strict execution of the proper experimental code.
39
 In the case of NWs reported here 
there are three major sources of adverse magnetic signal. The least troublesome is that of the 
GaAs substrate, as for the sufficiently good approximation its magnetic response is temperature 
independent and proportional to the applied magnetic field. Therefore, it can be reliably 
eradicated by a simple mathematical manipulation of the magnetometry data. The second signal, 
specific to samples which are grown on MBE sample holders requiring thermal anchoring by 
means of metallic glue, is the magnetic response of the ferromagnetic contaminants present in 
the glue itself (Mn-contaminated indium in our particular case). This usually overlooked part of 
the specimen produces a ferromagnetic-like response of strength frequently comparable to the 
magnitude of the investigated nanoobjects. The third signal comes from the unwanted film of 
(Ga,Mn)As(111)B which grew in between the NWs during the deposition of their shells. It is 
therefore advantageous to separate the NWs from the original substrate and transfer them onto 
another support of weak and known magnetic signature.  
Two different methods of extracting NWs for the magnetic studies are employed here. In the 
first one, elaborated to preserve the spatial arrangement of the NWs, the sample surface is spin 
coated with PMMA [poly(methyl methacrylate), the e-beam resist] to a thickness of few tenths 
of micrometers (at least in the center) and subsequently slowly cooled down to cryogenic 
temperatures. There, the PMMA layer peels off taking all the NWs with itself. Such a NWs 
containing PMMA flake is then deposited onto a 0.2 mm thin rectangular piece of Si of 
beforehand established diamagnetic response. We hereafter call it sample A. The two major 
drawbacks of this method are: (i) a sizable volume of the PMMA is added to the investigated 
material and (ii) that PMMA also tears a part of the (Ga,Mn)As film. However, the presence of 
PMMA does not constitute any greater experimental challenge than the addition of the new Si 
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support. Both substances exhibit diamagnetic properties, so their constant in T and linear in H 
contributions can be adequately evaluated at high temperatures and subtracted from the relevant 
low temperature measurements. The magnitude of the spurious signal of the fragments of the 
(Ga,Mn)As film has been established separately using the material left after preparation of 
sample B (described later) and found to constitute no more than 10% to the total signal of sample 
A, assuring that the dominant part of the established magnetic response comes from the 
investigated NWs. The additional advantage of this method lies in the fact that it facilitates 
orientation dependent studies.  
Sample B is prepared in a more traditional approach in which the NWs are removed from the 
substrate in an ultrasonic ethanol bath and, after condensing, the solution is transferred to a 
similar piece of Si as used to support sample A. This method allows therefore the studies of the 
mere NWs, but can produce only a reference sample for direct magnetometry studies as the 
number of NWs in the specimen is vastly reduced and their spatial orientation is completely 
randomized. From analysis of the relevant SEM images we estimate that the original surface 
density of the NWs, 1.8  0.3 × 109 NWs/cm2 (preserved in sample A), is reduced by a factor of 
~200 in sample B, placing the expected magnetic response at the brink of detection ability. We 
note here that the remaining part of the material from which the NWs were ultrasonically 
removed contains mostly the unwanted (Ga,Mn)As(111)B film and therefore it allows the 
assessment of the magnitude of magnetic response of that film, and so to estimate its maximal 
contribution in sample A. Magnetic measurements were performed in Quantum Design MPMS 
XL Superconducting Quantum Interference Device (SQUID) magnetometer with the use of long 
Si strips to facilitate samples support in the magnetometer chamber.
39
 The samples’ moment m 
dependence on the magnetic field H, m(H), is measured up to H = 20 kOe and as a function of 
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temperature, m(T), down to 2 K. All the data presented here have their relevant diamagnetic 
contributions evaluated at room temperature and subtracted accordingly. 
The summary of the magnetic studies of sample A is presented in Fig. 7. In panel a) the low 
temperature sizable magnetic moment seen during field cooling at H = 1 kOe, and subsequently 
measured at the remanence (after quenching the field at 2 K) the thermoremanence measurement 
(TRM), as well as a highly nonlinear and hysteretic m(H) below Tch  33 K presented in panel b) 
are indicative of the low temperature FM coupling in the NWs. The magnetic hysteresis are of a 
good squarness at low temperatures, however the m(H) does not show a tendency to saturate 
even at 20 kOe. In fact, at 2 K m(0) / m(20 kOe) < 0.3 (not shown), indicating that no more than 
¼ of Mn moments is FM coupled. 
The true magnetic constitution of the NWs is revealed by results of temperature dependent 
studies presented in bottom panels of that figure. The clear maximum present on the zero field 
cooled (ZFC) m(T) is the main feature in panel c). It indicates that it is the blocking mechanism 
of otherwise superparamagnetic (SP) material that determines the magnetic response in weak 
magnetic fields and low temperatures. This in turn strongly suggests a magnetically composite 
(granular) constitution of the sample. The (blocked) SP characteristics and the very slow 
saturation at low T means that the FM coupling is maintained only locally in mesoscopic 
volumes which constitute magnetically ordered entities (supermoments) which are dispersed in 
otherwise paramagnetic host. The average size of these magnetic entities can be assessed from 
the magnitude of the temperature at which the maximum on the ZFC is seen. This maximum 
defines the so called (mean) blocking temperature (TB) of the distribution, which is related to the 
(mean) volume (V) occupied by the supermoments through:  
TB = KV/25 kB, 
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where K, the anisotropy constant in (Ga,Mn)As, ranges between 5000 to 50000 erg/cm
3
,
40
 and 
the factor 25 represents the typical acquisition time in SQUID magnetometry of about 100 s. 
From these numbers we obtain that the mean volume occupied by the supermoments corresponds 
to a sphere of a diameter between 15 to 30 nm. The lower bound fits perfectly to the typical NWs 
shell width, the larger values still can be realized here if the FM coupled volumes assume oblate 
shapes sprawled around the perimeter of the NWs shell.  
 
 
Figure 7. Results of magnetic studies of sample A – NWs embedded in PMMA and separated 
from the GaAs(111)B substrate. Open symbols: magnetic field applied along the NWs, full 
symbols: perpendicular to NWs. (a) Low temperature part of field cooled moment at 1 kOe (FC, 
circles) and at remanence on warming (TRM, squares) measured for the NWs. Tch marks the 
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temperature at which the TRM moment vanishes. (b) Low field part of the magnetic hysteresis at 
selected temperatures. (c) Temperature dependence of zero field cooled (ZFC) and FC moment 
at 30 Oe (bullets) together with the magnetic moment collected during cooling at H = 0 
(diamonds). TB marks the mean blocking temperature of this ensemble. (d) Thermal cycles of 
TRM consisting of a set of re-cooling from indicated intermediate temperatures (Ti) followed by 
reheating to progressively higher temperatures (Ti+1) (interrupted TRM, dark blue). This is 
superimposed on the typical (continuous) TRM dependence on T (light blue squares). 
 
Further evidence confirming the magnetically granular structure of the NWs comes from the 
lack of any moment detected from the sample at low temperatures when it is cooled from above 
Tch at H = 0. In both experimental configurations [for clarity panel c) shows only the in-plane 
case (orange diamonds)] the sample ends up at 2 K in completely demagnetized state. This is not 
the expected behavior for typical uniformly magnetized ferromagnetic (Ga,Mn)As, for which, 
even for layers at the localization boundary, on crossing TC a creation of the spontaneous 
moment aligned along the easy axis is commonly observed.
41
 Here, the absence of this 
spontaneous moment demonstrates that during cooling the individual supermoments get 
randomly blocked behind their individual energy barriers of a height EB = KV. Consistently with 
this scenario, after application of a small magnetic field a sizable initial increase of ZFC moment 
on T is observed here. At the lowest temperatures only a part of the supermoments (the smallest 
ones) can overcome their energy barriers and get aligned by the field. As the larger ones need 
stronger thermal agitation, the increasing T promotes the increase of m until the maximum at TB 
is reached, above which thermal fluctuations of the supermoments reduce more m than it is 
induced by the increase of the thermal energy. The system reaches the thermal equilibrium and 
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becomes superparamagnetic. Importantly, below TB the blocking mechanism slows the dynamics 
of the supermoments what accounts for such a sizable increase of the coercivity, as witnessed in 
panel b). 
The final evidence that the whole FM-like appearance is solely due to the slowed dynamics of 
the blocked supermoments is presented in panel d). Here, following the recipe presented in Fig. 
3a from Ref. 41, the sample brought again to remanence at T0 = 2 K is warmed up in stages 
through some intermediate temperatures (Ti), at which the sample is cooled back down to the 
base temperature. We note, that the sample moment gets visibly reduced only during the 
incremental increase of temperature (from Ti to Ti+1), following the original TRM. Otherwise, it 
stays fairly constant, depending neither on T nor on the direction it is swept. This clearly 
indicates the decisive role of the thermal agitation over the individual energy barriers of the 
supermoments on the overall magnetic response of the sample. We therefore identify Tch as the 
temperature required to reach the thermal equilibrium by all, except some statistically 
insignificant large, supermoments in the distribution. Importantly, this reasoning also means that 
the magnitude of the coupling temperature which characterizes the magnetism in the 
nanoclusters, their internal Curie temperature, TC
*
, cannot be smaller than Tch, and so this allows 
us to conclude that although effective only locally the ferromagnetic coupling in NWs is 
characterized by TC
*
 in excess of Tch = 33 K. However, the whole ensemble of these FM coupled 
volumes shows magnetic characteristics typical for blocked superparamagnets. 
In view of all our characterization effort the spatially limited form of the coupling stems from 
the overall low hole concentration which puts the (Ga,Mn)As shell close to the metal-insulator 
transition, the fact already inferred from Raman scattering data. Being at the localization 
boundary large mesoscopic fluctuations of the local density of states are expected in the material. 
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Therefore a mosaic of nanometer volumes are expected, some will have increased hole density – 
sufficiently high to promote FM coupling, the rest will be devoid of carriers – there the Mn spins 
remain paramagnetic at all temperatures.
42
 Importantly, the actual crystallographic structure of 
the material is of minor relevance for processes operating at the critical region. The presented 
scenario is valid for both zinc-blende or wurtzite (Ga,Mn)As and for any substrate (core) 
orientation. Also, the magnitude of TC
*
should not differ more than 10% in all these cases.
43
  
The other issue is why for such a sizable Mn concentration we observe such a reduced hole 
concentration at the first place. In our view the most important mechanism is an enhanced 
incorporation of hole compensating MnGa defects, as observed in planar  (Ga,Mn)As(110).
44,45
 
The similarity of our magnetic data with other reported so far indicate that for the time being this 
is the price which has to be paid for high crystallinity of the (Ga,Mn)As NWs. The other effects 
which may contribute to the reduction of p can be a low shell thickness and the occurrence of 
depletion layers both close to the surface and at the (In,Ga)As/(Ga,Mn)As interface region.
46,47
  
The data accumulated in panel a) and b) indicate also a presence of uniaxial magnetic 
anisotropy with respect to the NWs axis. However, i) despite the NWs magnetize easier when the 
field is oriented perpendicularly to the NWs, neither for this orientation the typical easy axis 
behavior is seen, nor with the field aligned along the NWs the system exhibits proper hard axis 
characteristics; and ii) counterintuitive, the magnetic anisotropy gets weaker on lowering 
temperature. The magnetocrystalline anisotropy in (Ga,Mn)As depends on Mn content, 
concentration of valence band holes, but predominantly is governed by the epitaxial strain.
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Importantly, due to typical substantial magnetic dilution, the shape anisotropy is not important in 
this family of compounds, however for sub-micrometer shapes the strain relaxation effects 
dominate even over the inbred magnetocrystalline anisotropy.
48 
The present core-shell 
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arrangement serves as a potentially very interesting base for the development of magnetic 
anisotropy. The (In,Ga)As hexagonal core defines at least 4 major crystallographic directions in 
the tensile strained (Ga,Mn)As shell: three perpendicular to the shell face which are oriented at 
120° to one another [following {1-100} facets of the core], and the fourth one along the NW. 
Had the NWs been uniformly magnetized an in-shell orientation of the spins would have resulted 
either in a uniformly magnetized NWs along their axis (the “shape effect”), or in a spiral vortex 
of tangentially arranged in-shell spins. In the case investigated here according to the Zener 
model,
43
 the tensile strained (Ga,Mn)As shell, should exert perpendicular magnetic anisotropy, 
and so a “cactus-like” arrangement of Mn spins could be expected. 
 On the other hand, the absolute values of the magnetic anisotropy observed here should 
depend on the details of the complex strain distribution due to anisotropic lattice mismatch in the 
wurtzite core/shell structure. Also, effects of faceting (and the possible presence of additional 
structures at the edges of the facets) may play a role here.
49
 However, precise determinations of 
these two, and possibly other contributions, are still beyond the resolution of the available 
magnetic probes. 
Nevertheless all our experimental findings preclude existence of the uniform ferromagnetism 
in the (Ga,Mn)As shells. Therefore the observed anisotropic behavior must reflect the dominant 
easy axis orientation of the supermoments, which according to the accumulated data tends to be 
along the normal to the NWs side facets. Importantly, this is in an accordance with the outlined 
above expectations what advocates again for the presence of ferromagnetic high-hole-density 
mesoscopic pools distributed within the otherwise non-conducting (Ga,Mn)As body. In this 
view, the weakening of the magnetic anisotropy at low temperatures can be again associated with 
the existence of sizably energy barriers which, without sufficient thermal agitation, oppose the 
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rotation of the supermoments regardless of their orientation with respect to the direction of the 
external field.  
The relevance of the analysis presented above is further confirmed by the results obtained for 
the reference sample B, consisting of mere NWs transferred onto a Si support, see Fig. 8. These 
data are essentially the same as those obtained for sample A (cf. Fig. 7 a and b), the minor 
differences can easily be attributed to the averaging effect over the random orientation of the 
NWs in sample B. It is worth to note the minute magnetic signal exerted by sample B, however 
its magnitude agrees within 25% with the moment valuation obtained for the average area NWs 
density in this sample (10
7
 cm
-2
). 
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Figure 8. Results of magnetic studies of sample B consisting of mere NWs transferred onto a Si 
support. (a) - Thermoremanence (TRM, black squares), zero-field cooled (ZFC), and field cooled 
(FC) measurements at H = 30 Oe (open and solid blue circles, respectively). Note the same value 
of the mean blocking temperature, TB, as seen in sample A (cf. Fig. 8 c). (b) Magnetic hysteresis 
loop measured at 5 K. Average error bars, as reported by the magnetometer, are indicated in each 
panel. 
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To put our finding into a broader context, we note that the data presented in panels a) and b) of 
Fig. 7 are qualitatively very similar to previously reported studies of other (Ga,Mn)As related 
NWs.
23,24,50
 In these reports both the presence of a magnetic hysteresis at low temperatures and a 
more or less rapid roll-off of magnetic moment with increasing temperature were taken as the 
indication of the formation of the FM state in the NWs. One would be tempted to jump into the 
same conclusion here if only, as in the papers mentioned above, the results of the two upper 
panels of Fig. 7 were considered. However, the lower panels of this figure decisively indicate the 
value brought by more elaborated magnetic studies. Although we might not be entirely correct 
on the very nature of the magnetic coupling, the results of the for the first time performed 
additional examination of (Ga,Mn)As-based NWs decisively point to the dynamical effects 
which deceivingly produce the FM-like response, univocally precluding the transition to other 
thermodynamic phase both in the NWs considered here and by similarity, in the other NWs 
reported so far. 
In conclusion we have investigated the MBE grown (In,Ga)As-(Ga,Mn)As core-shell 
nanowires of all-wurtzite crystalline structure. The NWs have been obtained in two steps, first 
(In,Ga)As NW cores have been grown at 500 
o
C on GaAs(111)B substrate with Au catalyst; then 
the Ga0.95Mn0.05As shells were deposited at low temperature (close to 220 
o
C). The NWs are up 
to 1.6 um in the length and 70 nm – 100 nm in diameter. TEM microscopy investigations 
confirm that the (Ga,Mn)As shells are of perfect, wurtzite crystalline structure, exhibit sharp 
interface with (In,Ga)As cores and smooth outer surfaces. The wurtzite structure of NWs is 
further confirmed by Raman scattering measurements. Thorough investigations of the magnetic 
properties of NWs separated from the growth substrate indicate that magnetically (Ga,Mn)As 
NW shells are composed of scattered ferromagnetically coupled mesoscopic regions of 
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dimensions in the range of 15 – 30 nm, which give rise to superparamagnetic properties above 
the blocking temperature close to 17 K and easy magnetization axis perpendicular to the NW 
axes. Our results point at the necessity of comprehensive measurements of the magnetic 
properties of NWs, preferably separated from the growth substrate. The uniform, ferromagnetic 
(Ga,Mn)As NWs shells can potentially be obtained if higher shell thicknesses and/or higher 
concentrations of substitutional Mn end up in sufficiently uniform hole concentration to promote 
the magnetic coupling throughout the whole body of the material. 
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